Introduction
Human parainfluenza virus type 3 (hPIV-3) is, along with human respiratory syncytial virus, a major cause of lower respiratory tract infections (RTI) in infants and young children, as well as in immunocompromised patients, particularly hematopoietic stem cell transplantation (HSCT) recipients. In this patient population, a high incidence of hPIV-3 infection with prolonged virus shedding, and a high mortality rate have been reported. [1] [2] [3] [4] Although steroid treatment for graft-versus-host disease (GvHD) has been shown to be associated with progression to hPIV-3 pneumonia, the only identified risk factor for hPIV-3 infection after HSCT was the use of an unrelated volunteer as stem cell donor. 4 In addition, mortality rates increased when hPIV-3 infection occurred within 100 days after HSCT. 2, 3 In recent years, several outbreaks of hPIV-3 infection among adult HSCT recipients have been described, [5] [6] [7] [8] with mortality rates reported to be either high 8 or low. 7 In these reports, the adoption of adequate and timely preventive isolation measures was often ineffective in controlling virus transmission, due to virus presence in asymptomatic staff members or external visitors, or even on room surfaces. 6 Sequencing and phylogenetic analysis of hPIV-3 strains directly in clinical specimens allowed the verification of whether a single strain or multiple hPIV-3 strains were responsible for the current outbreak. While in some outbreaks a single strain was found to circulate, 8 in other outbreaks different hPIV-3 strains were circulating, thus originating different clusters within the same outbreak. 5, 6 In the present report, we describe an hPIV-3 infection nosocomial outbreak occurring in both the outpatient and inpatient Oncohematology sections of the Department of Pediatrics, showing that through several weeks an apparently single episode was actually supported by different hPIV-3 strains originating four clusters of infection of different magnitude, whereas strains detected post-outbreak gave origin to a totally independent cluster.
Design and Methods

Patient population
The Department of Pediatrics consists of different sections including, among others, the Oncohematology Unit (OHU). The OHU follows young patients with hematologic malignancies who either undergo HSCT or are treated with chemotherapy. Following discharge from the hospital, patients from the OHU are followedup twice weekly for at least 100 days after HSCT and whenever clinically indicated. In addition, patients under chemotherapy have access to the hospital every time they must receive cytotoxic drugs or transfusions. The site of these periodical controls is the Outpatient Section (OPS) of the OHU. From the waiting room, patients are taken to separate visiting rooms, following potential air-borne contacts with parents of the other patients in the waiting room. It also has to be emphasized that protective measures such as hand washing, masks, and gloves may be not sufficient to prevent virus transmission. Since most patients are infants and young children, contacts with parents and accompanying persons from the community were frequent.
The study was approved by the Institutional Review Board and the Ethics Committee of our hospital. Informed consent from single patients or their parents was obtained upon first viral examination.
Viral diagnosis
On the whole, 116 nasopharyngeal aspirates (NPA), 2 tracheal aspirates and 2 bronchoalveolar lavage (BAL) samples were taken from all patients with respiratory tract symptoms upon admission and discharge from the OHU or other Units of the Department of Pediatrics, as well as, whenever possible, at periodical ambulatory visits to monitor virus persistence.
All respiratory samples collected were tested for all known respiratory viruses (see below) by both: (i) monoclonal antibodies (MAbs) and direct or indirect fluorescent antibody (DFA or IFA) staining of respiratory cells from NPA or BAL, and from 48 h cultured cells from inoculated shell-vials of mixed mink lung (Mv1Lu) and A549 epithelial cells; 9 and (ii) molecular assays, i.e. realtime reverse transcriptase (RT)-PCR or RT-PCR, as previously reported. 10, 11 MAbs used for routine detection of influenza viruses A and B, parainfluenza viruses 1-4, human respiratory syncytial viruses A and B, human adenoviruses were purchased from Chemicon (Millipore, Temecula, CA, USA), whereas MAbs for identification of human metapneumoviruses A and B, human coronaviruses 229E and HKU-1 were developed in the laboratory. In addition, all four human coronaviruses (229E, NL63, OC43 and HKU-1) were detected by RT-PCR, 11, 12 while influenza virus A, as well as human respiratory syncytial viruses A and B, human metapneumoviruses A and B, human rhinoviruses, human enteroviruses were quantified by real-time RT-PCR, and human bocavirus by PCR. 11 In particular, hPIV-3 was first detected in NPA and/or shell-vial cultures by MAbs, and then quantified by real-time RT-PCR and phylogenetically analyzed by sequencing two fragments of the hemagglutinin-neuraminidase (HN) gene (see below).
Real-time RT-PCR and hPIV-3 strain sequencing
Following nucleic acid extraction from 200 µL of NPA or BAL using the automatic extractor Nuclisens ® easy MAG TM (BioMérieux, Lyon, France) and subsequent elution in 50 µL, the real-time RT-PCR for hPIV-3 quantification was performed by an RT reaction (final volume 15 µL from 5 µL extract) using the forward primer PIV3-56 13 and the SuperScript TM II RNase H-Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA). Thermal profile was 30 min at 42°C and 15 min at 70°C. The RT product was then amplified, according to a previously published protocol, 13 in a final volume of 50 µL of reaction mixture using primers PIV3-56 and PIV3-129, and probe PIV3-86 and the following thermal profile: 2 min at 50°C, 10 min at 95°C, followed by 40 cycles of 15 sec ) of a linearized plasmid obtained by cloning a reference hPIV-3 strain with the TA-Cloning kit (Invitrogen). From this curve, the amount of virus present in clinical samples was extrapolated.
Sequencing of the HN gene of hPIV-3 strains was done by single-step RT-PCR using the enzyme SuperScript TM One-Step RT-PCR and Platinum Taq (Invitrogen). Two distinct fragments of the HN gene were amplified. The first was the 5' portion of the gene (nt 1-569) which was amplified using the following in-house designed primers: hPIV-3-APfor1, 5'-ATGGAATACTGGAAG-CAYACC-3'; and hPIV-3-APrev1, 5'-AGCCAT-CAWCAGTYGTTGGCA-3'. Thermal profile was: 30 min at 50°C, 10 min at 95°C followed by 45 cycles of 45 sec at 95°C, 45 sec at 58°C, and 60 sec at 72°C. The second fragment was in the 3' region of the gene (nt 762-1239), and primers and thermal profile were as already reported.
14 Following purification of the two PCR amplification products, the sequence reaction was performed by using the ABI PRISM TM Big Dye Terminator kit (Applied Biosystems). Sequences were then analyzed using the Genetic Analyzer 3100 System (Applied Biosystems). In addition, sequences were cut and checked by using the 4.7 version of the Sequencher Software (gene Codes Corp., Ann Arbor, MI, USA), and then aligned with the MEGA 4.0 software using the Clustal W method. Phylogenetic analysis was carried out using the MEGA 4.0 software (genetic distance method), while the kimura 2-parameter was selected as an evolution model, and the bootstrap value was 1,000 repetitions.
Statistical analysis
The curves of the percentages of patients shedding hPIV-3 in the weeks following onset of infection in the two groups of immunocompromised and immunocompetent patients were calculated and expressed as cumulative incidences, and compared by the log-rank test; p values lower than 0.05 were considered to be statistically significant.
Results
hPIV-3 outbreak
From the end of September 2007 through the beginning of January 2008, 32 patients (median age 3.5 years, range 21 days-27 years) admitted to the Pediatrics Department (either OHU or other Units) of the Fondazione Istituto di Ricovero e Cura a Carattere Scientifico Policlinico San Matteo, Pavia, Italy, were found to be positive for hPIV-3 in cells from respiratory secretions by DFA. Viral load in the respiratory tract was then quantified by real-time RT-PCR.
In addition, for comparison, 8 hPIV-3 strains were recovered from sporadic cases of respiratory infection observed in different wards of the hospital (4 in the Pediatrics Department, 3 in the Hematology Unit and one in the Transplantation Center of the Respiratory Disease Unit) between February and July 2008. Thus, on the whole, 40 patients with hPIV-3 infection were examined: 32 during or around the outbreak, and 8 in the following six months. Figure 1A shows the monthly distribution of the 32 sequential cases of hPIV-3 infection in the Pediatrics Department between the end of September 2007 and the beginning of January 2008. The peak number of cases of hPIV-3 infection was reached between October and November 2007, when 24 cases were observed.
The age distribution is reported in Figure 1B , where a comparable number of cases of hPIV-3 infection among different age groups was observed within the outbreak. Of the 32 patients involved in the outbreak, 19 underwent HSCT and suffered from hPIV-3 infection in the months preceding or following transplantation, while 8 patients were affected by hematologic malignancies and repeatedly attended the OHU, both in the ward and the OPS. Finally, 5 immunocompetent children admitted to other Units of the Pediatric Department were affected by hPIV-3 infection during the outbreak period.
In all cases but one, a high hPIV-3 load (>1.0×10 6 RNA copies/mL) was detected (median 4.9×10 ) in respiratory secretions, suggesting that hPIV-3 was responsible for clinical symptoms. In 16/32 patients (50.0%), mild symptoms related to upper respiratory tract infection were observed (rhinitis, cough, and sore throat), whereas in 16 patients symptoms or syndromes related to lower respiratory tract infection were observed (bronchitis, bronchiolitis and pneumonia). The only patient with a hPIV-3 load <1.0×10
5 RNA copies/mL was an HSCT recipient (from a matched unrelated donor) with bilateral pneumonia and hPIV-3 respiratory infection ongoing from an undefined number of days (pt # 28; see below). Thus, a level of 1.0×10
5 RNA copies/mL NPA was selected as a cut-off for diagnosis of acute hPIV-3 infection in respiratory secretions.
The percentage of hPIV-3 shedding patients over time in the two groups of immunocompromised and immunocompetent pediatric patients is reported in Figure 2 . The median duration of viral shedding was 72 days for immunocompromised patients, and 18 days for immunocompetent patients, with a highly significant difference (log-rank test, p<0.0001). The only patient with hPIV-3 infection within the outbreak group who died was a 4-month-old infant affected by severe combined congenital immunodeficiency (Omenn syndrome) with a very high hPIV-3 load (10 8 -10 9 hPIV-3 RNA copies/mL) in both NPA and tracheal aspirate, in association with signs and symptoms suggestive of bronchiolitis and pneumonia. It must be noted that this child also had a disseminated infection from BCG vaccination. Notwithstanding the persisting (after 30 days) hPIV-3 infection with high viral load (in association with a low viral load human coronavirus NL63 infection) an unrelated cord blood transplantation was performed, due to severe progressively deteriorating clinical conditions of the patient, but after two weeks the patient deceased due to repeated episodes of pulmonary hemorrhage (Figure 3 ).
In 5/32 patients involved in the outbreak, hPIV-3 infection was associated with a co-infection by another virus. In 3 cases, the co-infecting virus was a human rhinovirus, in one case the human coronavirus OC43, and in one case the human coronavirus NL63. In addition, in 1/8 patients who experienced hPIV-3 infection outside the outbreak, the viral infection was associated with a coinfection by two other viruses (human rhinovirus and human bocavirus).
Molecular analysis
Phylogenetic analysis of the HN gene of the 40 hPIV-3 strains relevant for the 40 patients examined (32 within the outbreak period, and 8 following the outbreak) allowed the construction of the phylogenetic tree shown in Figure 4 . Two major clusters were identified: cluster #1, including 16 identical hPIV-3 strains (relevant to patients #9, 10, 13, 14, 15, 16, 17, 18, 19, 20, 23, 24, 25, 26, 28 and 32), and cluster #2, including six identical hPIV-3 strains (relevant to patients #1, 2, 4, 5, 6 and 11). In addition, besides single genetically distant strains, cluster #3 included three identical strains (patients #3, 7, and 8), and cluster #4 included two identical strains (patients #29 and 30) and one strain (patient #31) differing by a single nucleotide. Finally, 6/8 strains identified after the outbreak (relevant in patients #34, 35, 36, 37, 38, and 39), although clearly genetically distant from one another, showed a trend towards the formation of a cluster (cluster #5), in which the three closest strains (patients #37, 38, and 39) were detected in 3 adult patients followed at the Hematology Unit (adult patients) in the same period.
Epidemiological analysis
The chronological sequence for the detection of different hPIV-3 strains belonging to different clusters identified during the outbreak is reported in Figure 5 , where patients infected by an identical hPIV-3 strain are reported within the same grey area, and genetically single strains are reported separately. Chronologically, the first cluster to emerge between the end of September and October 2007, was cluster #2, which also included an immunocompetent young child (#4). At the same time, cluster #3 was detected, while the major cluster #1 started appearing at the end of October 2007, lasting through the beginning of January 2008, and again included an immunocompetent child (#26). At the end of December 2007, a new small cluster #4 appeared within patients followed in OHU, the strains having a very close similarity to the strain detected in an immunocompetent child (patient #31). The number of nucleotide changes detected among the four hPIV-3 clusters identified during the outbreak and in comparison with cluster #5 is reported in Table 1 .
Persistence over time of the same hPIV-3 strain in immunocompromised patients
In a group of 6 patients (#5, #19, #21, #23, #25, #27), monitoring of hPIV-3 shedding was continued for a median time of 57 (range 22-72) days with a median number of 3.5 (range 2-6) viral tests/patient. The virus strain was consistently found to be identical for each patient throughout the entire virologic monitoring period.
Discussion
Results of the present study indicate that a nosocomial outbreak of hPIV-3 infection occurred among patients followed at the OHU of the Pediatrics Department of our University Hospital over a period of about 15 weeks during the fall season. The chronological analysis of the outbreak with respect to sporadic cases of hPIV-3 infection observed in the post-outbreak period suggested that a single strain could have been responsible for the outbreak. However, the phylogenetic analysis of the outbreak and post-outbreak strains Figure 4 Phylogenetic analysis of the 32 hPIV-3 strains (each detected in a different patient) of the nosocomial outbreak (clusters #1, #2, #3, and #4), and the 8 post-outbreak strains (cluster #5). The strains belonging to the same cluster are grouped within the same light grey area, while the 8 strains post-outbreak are individually marked with a darker grey area. The 4 strains not highlighted are individual strains that appeared during the outbreak. GenBank accession numbers are EU424062 for hPIV3 strain 14702, and EU326526 for hPIV3 strain ZHYMgZ01. revealed that multiple hPIV-3 strains were responsible for the outbreak. In detail, a single hPIV-3 strain contributed to cluster #1 including 16 patients (15 immunocompromised, and one immunocompetent patient), while another strain formed cluster #2 consisting of 6 patients (5 immunocompromised, and one immunocompetent), and two additional strains formed the two small clusters #3 and #4, including 3 patients each. One of the 3 patients of cluster #4 differed by a single nucleotide (patient #31) from the other 2 patients. Besides the four strains forming the four clusters, four single strains were found during the outbreak (patients #12, 21, 22, and 27), which presumably were introduced into the wards or the OPS from the community (2 HSCT recipients, and 2 immunocompetent patients) in the absence of nosocomial transmission. These findings allow the hypothesis that both routes of transmission (community-acquired and nosocomial) may have contributed to the outbreak. In the past, several outbreaks of hPIV-3 infection among adult HSCT recipients have been reported, notwithstanding the preventive isolation measures taken to limit virus transmission within the interested units. Phylogenetic analysis has been of great utility in tracing virus transmission within clinical wards. The first report appeared in 1993 and showed (based on sequencing of a fragment of the F gene) that within a pediatric intermediate care unit 6 children were infected by genetically very similar hPIV-3 strains different from community isolates. 15 In 1998, in an adult HSCT unit, it was shown (again by sequencing a fragment of the F gene) that multiple genetically distinct hPIV-3 strains were introduced from the community into the unit, with subsequent nosocomial transmission of a single strain. 16 In addition, the same report emphasized the sustained shedding of the same hPIV-3 strain by transplanted patients for up to four months. These findings fit with the results of the present study dealing with pediatric HSCT recipients and oncohematologic patients and show that: (i) multiple genetically distinct hPIV-3 strains were introduced from the community into the unit during the outbreak; (ii) while a single strain caused the major outbreak lasting more than three months, three other distinct strains caused minor levels of transmission, and some additional strains detected during the outbreak did not give any sign of nosocomial transmission; (iii) shedding over time of hPIV-3 strains by young hematologic patients was significantly longer than that of immunocompetent children.
More recently, several additional outbreaks of hPIV-3 infection among adult HSCT recipients have been reported based on molecular analysis of the HN gene 5, 6 or the F gene 8 or even in the absence of phylogenetic analysis. 7 The epidemiologic, in the absence of the molecular, approach to the study of an hPIV-3 outbreak has been repeatedly shown to be unable to define the role of a single or multiple hPIV-3 strains 7 in the person-to-person transmission within an outbreak. It must be noted that often during the molecular analysis of hPIV-3 outbreaks, differences in a small number of nt (1-3) within the sequence analyzed of a given gene, have been considered to represent a virus strain very similar to the major strain responsible for the outbreak, and, thus, have been grouped together with the major virus strain not displaying nt changes among several patients. 5, 6 However, as previously reported by other 8 and confirmed in our study, hPIV-3 strains do not undergo any nt change even over an extended period of time (at least five months).
As for the mortality rate of HSCT recipients infected by hPIV-3 during an outbreak, disparate results have been reported. During some outbreaks a high mortality rate was reported, reaching levels as high as 47% (7/15 HSCT patients with lower RTI associated with hPIV-3 infection). 8 In other reports, the mortality rate ranged from 25% (2/8 patients) 17 or 26% (16/61 patients) 2 to 8% (1/12 patients). 5 Infection and mortality rates appeared to vary according to type of transplant, conditioning and immunosuppression regimens, and post-transplantation complications. However, in most cases, it appears difficult to attribute the cause of death to hPIV infection, since virus in lungs or BAL secretions is often not detected, and, thus, only an association of hPIV-3 infection and death can be documented. In our study, only one out of the 32 patients (3.1%) with hPIV-3 infection died. We cannot exclude that the original disease (Omenn syndrome) causing profound defects in both arms (cellular and humoral) of the immune response, as well as the disseminated BCG infection, contributed to the death of this patient, although the lack of necroscopy findings did not permit more information to be gained about the role of hPIV-3 infection in the final outcome of this patient.
The selection of a hPIV-3 load cut-off of 1.0×10 6 RNA copies/mL respiratory secretions was determined by the detection of equal or greater amounts of virus in all patients with an acute hPIV-3 infection, with the exception of a single patient in whom the virus was likely to have infected the patient since an undefined number of days. On this basis, it was possible, in case of double infection, to identify the virus responsible for the current episode of acute respiratory tract infection. In our study, the waiting room could be identified as the major site of virus transmission between the community and hospital patients, as already reported in a previous study. 6 Virus strains could have been intro- 18, 19 and may persist on surfaces for weeks. 6 Once introduced, viruses could spread from patient to patient, within the ward and the OPS of the OHU, despite the use of conventional protection devices, such as masks, disposable gowns, gloves, as well as hand disinfection. Findings of the present study indicate and confirm that preventive measures should be applied more intensively also at the level of the OPS of OHU. They should consist in the isolation of infected patients and routine hand cleaning with ethanolic disinfectants by staff members, patients and parents/visitors. As performed in this study, results of viral diagnosis should be given to clinicians the same day as NPA collection, in order to guide preventive strategies during the outbreak.
